The closely related crickets Dianemobius nigrofasciatus and Allonemobius allardi exhibit similar circadian rhythms and photoperiodic responses, suggesting that they possess similar circadian and seasonal clocks. To verify this assumption, antisera to Period (PER), Doubletime (DBT), and Cryptochrome (CRY) were used to visualize circadian clock neurons in the cephalic ganglia. Immunoreactivities referred to as PER-ir, DBT-ir, and CRY-ir were distributed mainly in the optic lobes (OL), pars intercerebralis (PI), dorsolateral protocerebrum, and the subesophageal ganglion (SOG). A system of immunoreactive cells in the OL dominates in D. nigrofasciatus, while immunoreactivities in the PI and SOG prevail in A. allardi. Each OL of D. nigrofasciatus contains 3 groups of cells that coexpress PER-ir and DBT-ir and send processes over the frontal medulla face to the inner lamina surface, suggesting functional linkage to the compound eye. Only 2 pairs of PER-ir cells (no DBT-ir) were found in the OL of A. allardi. Several groups of PER-ir cells occur in the brain of both species. The PI also contains DBT-ir and CRY-ir cells, but in A. allardi, most of the DBT-ir is confined to the SOG. Most immunoreactive cells in the PI and in the dorsolateral brain send their fibers to the contralateral corpora cardiaca and corpora allata. The proximity and, in some cases, proven identity of the PER-ir, DBT-ir, and CRY-ir perikarya are consistent with presumed interactions between the examined clock components. The antigens were always found in the cytoplasm, and no diurnal oscillations in their amounts were detected. The photoperiod, which controls embryonic diapause, the rate of larval development, and the wing length of crickets, had no discernible effect on either distribution or the intensity of the immunostaining.
Timeless (TIM) proteins that reach their maxima in the cytoplasm in the middle of the night, move into the nucleus at dawn, and disappear late in the day. The cycle is driven by the suppression of per and tim genes by the PER/TIM dimer, and the cycle pace therefore depends on PER/TIM stability (Veleri et al., 2003) . The degradation of PER is fostered by Doubletime (DBT), a fly homolog of casein kinase I epsilon (Kloss et al., 1998) , and the light-dependent degradation of TIM depends on the flavin-containing photosensitive protein Cryptochrome (CRY) (Emery et al., 1998) . The cycling of PER can be taken as a marker of the clock phase, and the cycling of CRY activity reflects the environmental photic input. The quantities of DBT do not fluctuate, but the subcellular localization of DBT undergoes diurnal changes. One aim of the present study was to examine localization and the circadian behavior of PER-like, DBT-like, and CRY-like antigens in crickets, a group of insects that separated from the ancestors of D. melanogaster more than 350 million years ago.
Insect life cycle is often regulated by the photoperiod, that is, the LD ratio within a 24-h interval. The insects perceive seasonal changes in the photoperiod and respond to them by ecologically relevant modifications of development, reproduction, and behavior (Takeda and Skopik, 1997; Lakin-Thomas, 2000) . It is generally believed that the perception of photoperiodic changes is a function of the circadian clock system. This hypothesis, which was first formulated by Bünning (1936) for plants and later extended to insects (Pittendrigh, 1966) , was supported experimentally. For example, the photoperiodic regulations of pupal diapause, adult emergence, and the flight rhythm in silkmoths were shown to depend on the dorsolateral brain region (Truman, 1974 ) that harbors 4 Ia 1 neurons expressing PER and TIM (Sauman and Reppert, 1996; Wise et al., 2002; Sehadová et al., 2004) . The axons of these cells project into the retrocerebral organs corpora cardiaca (CC) and corpora allata (CA) where hormones controlling developmental regulations are released. A role of Ia 1 neurons in the induction of diapause was surgically demonstrated in the hawkmoth, Manduca sexta (Shiga et al., 2003) .
Photoperiodic responses manifested as egg diapause, change of developmental rate, and wing polymorphism were studied in detail in the cricket Dianemobius nigrofasciatus (Masaki, 1972; Kidokoro and Masaki, 1978) . The egg diapause and the rate of development (wing polymorphism has not been examined) are under similar photoperiodic control in the taxonomically related species Allonemobius allardi from a different geographic region (Shao, unpublished observation). The studies on adult D. nigrofasciatus revealed that the light perception by compound eyes is indispensable for the photoperiodic induction of egg diapause in the progeny (Shiga and Numata, 1996) . It is significant that the circadian pacemaker controlling locomotor activity also uses retinal photoreceptors for its entrainment (Shiga et al., 1999) . Experimental analysis of cricket responses to different LD cycles strongly indicated that the photoperiodic and the circadian clocks are interlinked (Masaki and Shimizu, 1995) , but their neural organization and possible presence of the circadian clock proteins were not examined. Our goal was to compare the distribution and the behavior of the PER-like (marker of the clock cycling gear), DBT-like (controls PER disintegration), and CRYlike (photosensitive clock component) proteins in the cephalic ganglia of the 2 cricket species. Detection of a photoperiod effect on the circadian oscillations of any of these antigens would be regarded as an indication that the circadian and seasonal pacemakers overlap.
MATERIALS AND METHODS

Animals
Immunocytochemistry was performed on adult males and females of the crickets D. nigrofasciatus and A. allardi (Orthoptera, Gryllidae, Nemobiinae) that had been collected in Toyama, Japan (37 °N, 137 °E) and in South Carolina (34 °N, 82 °W), respectively. Both species were kept at 25 °C under LD 16:8 (16-h light and 8-h darkness) or LD 12:12 and fed a commercial diet (MF mix, Oriental Yeast Corp., Tokyo, Japan). The 12:12 photoperiod accelerated larval development and elicited egg diapause in the progeny. Dim red light was used for operations during the dark phase (60-W bulb shielded with 660-to 670-nm cutoff filter Kodak 1A was placed 1 m above the insect cultures).
Primary Antibodies
Primary antibodies were raised against the conserved parts of the clock proteins: the region of 340 amino acid residues around the PAS domain of Periplaneta americana PER, of 153 residues of Bombyx mori DBT, and of 99 residues of D. melanogaster CRY (see Sehadová et al., 2004, for details) . Antigens were prepared in expression vectors as fusion proteins with the maltose binding protein (MBP) or the glutathione-S-transferase (GST) and used for the preparation of rabbit polyclonal antisera. The antisera to GST or MBP alone did not react in our preparations, and the antibodies to the clock fusion proteins did not recognize GST and MBP on the Western blots. The specificity of immunoreactivities could not be checked with saturated antisera because the antigens used for immunization had no longer been available. However, the specific reaction of antibodies with the clock neurons in other insects (Sehadová et al., 2004) shows that they detect genuine clock components.
Immunocytochemistry
Heads were cut, or brains with attached subesophageal ganglion (SOG), frontal ganglion (FG), CC, and CA ( Fig. 1) were dissected from the wateranesthetized animals in sterile saline. The tissues were fixed and processed to 8-µm sections in a standard way (Sehadová et al., 2004) . Immunocytochemistry was performed with Rabbit IgG-Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA). The sections were blocked with 1.5% normal goat serum diluted in Tris-buffered saline (TBS) for 30 min at room temperature. Subsequent overnight incubation in a primary antibody diluted with the blocking serum (anti-PER and anti-DBT antibodies 1:1000 and anti-CRY antibody 1:500) was conducted in a humidified chamber at 4 °C. In the control staining, primary antibody was replaced with normal serum. Incubation with the secondary antibody and all subsequent treatments were done at room temperature. The sections were rinsed 3 times for 10 min with TBS, incubated for 1 h in the biotinylated secondary antibody diluted at 1:200 with the blocking serum, washed 3 times for 10 min with TBS, and treated for 40 min with the horseradish peroxidase-avidin -biotin complex (in TBS with 0.1% Tween [Tw] 20). Following three 10-min rinses with TBS and 1 with 0.1 M Tris-HCl, pH 7.5, the enzymatic activity of bound horseradish peroxidase was visualized with hydrogen peroxide (0.005%) and 3,3'diaminobenzidine tetrahydrochloride (DAB; 0.25 mM in 0.1 M Tris-HCl, pH 7.5). Stained sections were dehydrated and mounted in Bioleit mounting medium (Kouken Rika, Osaka, Japan).
The TBS was replaced with phosphate-buffered saline (PBS) supplemented with 0.3% Tw 20 (PBS-Tw) when the slides were processed for immunofluorescence. Following incubations in 10% normal serum, primary antibody in PBS-Tw, and rinsing with PBS-Tw, the sections were incubated for 1 h with goat anti-rabbit IgG Cy3-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA) diluted at 1:500 in PBS-Tw. The sections were then rinsed 3 times with PBS-Tw (each for 10 min) and once for 5 min with distilled water. The mounted specimens were examined under the BX50F4 microscope (Olympus, Tokyo, Japan) equipped with Nomarski differential interference contrast, epifluorescence optics, and a charge-coupled device camera.
For the double labeling, the sections were consecutively treated with 2 combinations of the primary (1°) and secondary (2°) antibodies. The first 1°antibody was combined with the 2°goat anti-rabbit IgG biotinylated antibody and the second 1°antibody with the 2°goat anti-rabbit IgG carrying the Cy3 fluorophore. Sections stained with the 1st combination of the 1°and 2°antibodies were washed 3 times with PBS-Tw before the 2nd set of antibodies was applied. Counts of cells stained with each antibody separately and in combination verified staining specificity.
Assessment of Immunostaining Intensity
The intensity of staining was assessed on the DABstained preparations processed under identical conditions. The length of exposure to DAB was set in preliminary runs to 10, 10, and 15 min for the PER, DBT, and CRY antibody, respectively. Three generations of crickets were examined independently at ZT 0, 4, 8, 12, 16, and 20. Each of these 6 time groups included 2 males and 2 females; 3 animals were stained with DAB for antigen quantification, and 1 was taken for an independent check of immunoreactivity with Cy3 labeling. All preparations of a time series were processed simultaneously but separately from the corresponding series of another cricket generation. The intensity of staining was scored by 2 independent observers with an arbitrary scale ranging from 0 (no reaction) to 4 (maximal response). Each preparation was first evaluated independently, then in comparison with others of the same time series, and finally with the preparations of the corresponding circadian time in another insect generation. Values presented in the Results section represent intensities found in most of the 12 preparations examined for each antibody at each time point.
RESULTS
PER-like Immunoreactivity in D. nigrofasciatus
Intensive PER-like immunoreactivity (PER-ir) was detected in 3 groups of neurons and the extensive fiber network in the optic lobe (OL) (Figs. 2 A-D). A proximal frontoventral (Pfv) cluster of 5 to 6 large and 5 to 6 small cells was located in the accessory medulla region (Figs. 2 B, C) and distal posteroventral (Dpv) and posterodorsal (Dpd) clusters, each containing 2 small neurons, in the distal medulla region (Fig. 2D ). The axonal projections probably originating from these 3 cell populations embraced the frontal side of the medulla, continued over its lateral surface to the rear of the lobe, turned backwards, and ran anteriorly over the inner lamina surface (Figs. 2 B, D). One nerve bundle extended through the OL in the opposite direction, bypassed the lobula, and ramified in the lateral protocerebrum, apparently in proximity of neurites extending from the PER-ir cells located there. Each brain hemisphere in the dorsolateral protocerebrum possessed 2 to 3 large, strongly stained (Figs. 2 E, F) and 4 to 5 small, weakly stained perikarya ( Fig. 2G ). One of the large cells projected ventrolaterally into the base of the optic tract ( Fig. 2E ). The other 2 large perikarya were located close to the origin of the lateral ocellar nerve, and their axons ran ventrally through the midbrain, most likely into the ipsilateral CC. About 10 weakly stained cells occurred in the frontal (Fig. 2H ) and a pair of larger somata (Fig. 2I ) in the posterior pars intercerebralis (PI). Two cells were labeled near the base of each optic stalk ( Fig. 2J ) and another 2 in the posterolateral cortex of the protocerebrum (Fig. 2K ). Both of these groups sent neuronal projections dorsally into the protocerebrum, but it was impossible to trace their endings (Figs. 2 J, K). The tritocerebrum contained a network of PER-ir neuronal processes that continued contralaterally and ramified in the FG (Fig. 2N ). In the SOG, a weak staining was detected in 2 large cells in the ventromedial region ( Fig. 2L ) and bilaterally in a population of 3 to 4 small cells in the ventrolateral region of the maxillary neuromere ( Fig. 2M ). Extensive fiber arborization was observed in the cortex of the CC and adjacent nerves (Fig. 2O ). The CA was devoid of a positive signal. Axonal projections arising from the anterior cells crossed the brain midline and continued to the contralateral CC; no projections were detected in the posterior cells. Two bilaterally paired somata were stained near the base of the optic stalk (Fig. 3K) , and a population of about 5 bilaterally symmetrical neurons of various sizes occurred in the posterolateral cortex of the protocerebrum (Figs. 3 L, M). PER-ir was also found in up to 8 neurons at the border between the deutocerebrum and tritocerebrum (Fig. 3N ). Their processes gave off a wide arborization in the ventral area of the tritocerebrum and projected contralaterally through the frontal connectives into the FG, where they extensively ramified (Fig. 3Q ). Staining was further detected in 3 cell groups within the SOG. Two large perikarya were ventroanteriorly close to the midline and probably belonged to the mandibular neuromere (Fig. 3O) , and 2 pairs of small cells were located laterally in the maxillary neuromere (Fig. 3P ). The neurites originating in the former cluster ran toward the dorsal region of the SOG and those from the latter cluster toward the midline where they disappeared. PER-ir was also found in dense arborization within the CC and in the varicose fibers in the nervi corporis allati I (Fig. 3R ).
PER-ir in
(I) PER-ir cells in the PI and 2 neurons in the dorsal protocerebrum (arrow). (J) PER-ir fibers innervating the central body (CB). (K) One of the PER-positive cells at the base of the optic stalk projecting into the protocerebrum (arrow). (L) Two of the PER-ir neurons in the posterolateral protocerebral cortex (arrow) and the neuronal projections (arrowhead) of cells located in the dorsal protocerebrum. (M) A population of PER-ir cells in the posterior cortex of the lateral protocerebrum. (N) A cluster of PER-ir neurons located in the wedge between the deutocerebrum and tritocerebrum (arrow) and innervating the tritocerebrum. (O, P) The SOG neurons with projections (arrows) in the central and lateral
DBT-like Immunoreactivity in D. nigrofasciatus
The pattern of DBT-like immunoreactivity (DBT-ir) in the OL resembled that of the PER-like staining: 5 to 6 large and 5 to 6 small neurons in a Pfv cluster, 2 neurons in each Dpv and Dpd cluster, and extensive neuronal arborization in the frontal medulla face and inner lamina surface (Figs. 4 A-D) . Double-labeling experiments verified DBT-ir and PER-ir co-localization in all immunoreactive somata and projections in the OL (Figs. 4 L, M) but not elsewhere. In the dorsolateral protocerebrum, there were 3 large DBT-ir cells projecting into a dense fiber arborization. Two of these were closely adjacent at the ventrolateral base of the optic stalk (Figs. 4 E, F). Prominent immunostaining occurred in the PI in up to 25 somata with projections running to the contralateral CC ( Figs. 4 G, H) . DBT-ir was also present in fiber arborization within the cortex of the CC and in the nervi corporis allati I (Fig. 4K) . Two slightly stained cells occurred in the ventromedial region of the maxillar neuromere ( Fig. 4I ) and a weak network of immunoreactive fibers in the FG (Fig. 4J ).
DBT-ir in A. allardi
There was no DBT-ir staining in the OL (Fig. 5A) , and in the brain, it was restricted to a cluster of about 25 weakly stained neurons in the PI (Fig. 5C ). Neuronal projections arising from these cells crossed the midbrain and ran into the contralateral CC where they arborized in the cortex area ( Fig. 5D ) and formed varicosities in adjacent nerves (Figs. 5 N, O) . Some of the fibers composed a strong bundle extending ventrally to the tritocerebrum (Fig. 5E ). A cluster of 5 to 6 small but strongly stained neurons in the ventral part of the tritocerebrum (Fig. 5F ) projected neurites to the contralateral tritocerebrum through the postesophageal tritocerebral commissure; some neurites possibly joined an axon fascicle running to the PI. The SOG harbored 3 DBT-ir cell clusters at the ventral midline (Fig. 5A) , with 4 to 6 somata in the mandibular (Figs. 5 G, L), about 10 in the maxillary (Figs. 5 H, L, O) , and 2 in the labial (Fig. 5J) neuromere. The neurites extending from these clusters formed 2 parallel bundles running along the dorsal SOG midline into the circumesophageal connectives. Short, lateral projections could also be detected in close vicinity of the cells (Fig. 5K) . Projections arising from a single pair of lateral DBT-ir neurons in the labial neuromere (Fig. 5I) ran centripetally and fused with the longitudinal dorsal fiber bundles mentioned above. A group of 5 to 7 DBT-ir cells without detectable projections were stained in the FG (Fig. 5M) .
CRY-like Immunoreactivity in D. nigrofasciatus
The OL contained a weak CRY-like immunoreactivity (CRY-ir) in 2 doublets of large neurons located in the Pfv and Pfd positions ( Figs. 6 A, B) . The size of the Pfv CRY-ir cells was similar to that of the PER-ir/ DBT-ir-positive somata forming a Pfv cluster of 5 to 6 cells (cf. Figs. 2 and 4) , but poor CRY-ir precluded verification of possible antigen co-localization with the double staining. The most prominent CRY-ir occurred in about 10 large cells in the PI (Fig. 6C ) that projected to the contralateral CC (Fig. 6E ). Some of these cells were in a lateral position, but their neuronal projections joined the nerve bundle from the perikarya lying close to the brain midline (Fig. 6C ). This contrasted with the similarly located PER-ir cells that sent neurites to the ipsilateral CC ( Fig. 2A) . In the dorsolateral protocerebrum, anti-CRY antibody weakly labeled 1 to 2 small cells and strongly labeled 2 large cells that could be identical to some of the PER-ir cells. The neurites of the large CRY-ir cells (Fig. 6D ) pointed laterally and possibly contributed to fiber arborizations in the central body, FG, CC, and nervi corporis allati I (Figs. 6 F, H-J) . CRY-ir in the SOG was weak and confined to 4 ventral neurons in the mandibular (Fig. 6G) and 2 in the maxillary neuromere (the latter were absent in some preparations).
CRY-ir in A. allardi
The OL of A. allardi was devoid of CRY-ir staining, but the brain embodied many more CRY-ir cells than found in D. nigrofasciatus. About 35 strongly stained somata sending neurites into the contralateral CC lay in the PI and the dorsolateral protocerebrum (Figs. 7 A-E). An additional 6 distinct neurons were in the posterior part of the PI, and their processes extended laterally (Fig. 7F) . The dorsolateral protocerebrum contained 1 large CRY-ir neuron projecting ventrally along the lateral edge of the mushroom body calyx (Fig. 7G) . Two large CRY-ir cells occurred in the posterior cortex of the ventrolateral protocerebrum (Fig. 7H) . These somata and the large neuron in the dorsolateral protocerebrum probably shared CRY-ir and PER-ir, but a rigorous proof could not be provided. In contrast to D. nigrofasciatus, a prominent network of CRY-ir fibers spread within most of the brain (Fig. 7N ). Similar to D. nigrofasciatus, distinct CRY-ir fibers with varicosities appeared in the FG (Fig. 7K) , the cortex of the CC (Fig. 7L) , and the nervi corporis allati I (Fig. 7M) . The SOG of A. allardi contained weak immunoreactivity in 2 groups of ventral neurons: 4 to 5 in the mandibular and 6 to 7 in the maxillary neuromeres (Figs. 7 I, J) . The sizes, locations, and projections of CRY-ir neurons resembled those of the DBT-ir neurons (Figs. 5 A, G, H) .
Lack of Circadian Oscillations in the Intensity and Localization of the Immunostaining
The staining patterns obtained with the antisera were identical in both sexes and were constant in samples collected at 4-h intervals around the clock. Careful examination of serial sections confirmed that the antigens were located exclusively in the cytoplasm. The seemingly nuclear staining detected in some slides (Figs. 2 E, M; 3 I, M; 4 C, G; 5 C, F; 6C; 7 D, F) proved to be located in the cytoplasm above or below the nucleus. The false nuclear staining obviously appeared most often in the nuclear circumference (membrane), where the nucleus tapers and the layer of cytoplasm is thickest. We cannot fully exclude the presence of weak nuclear staining in our preparations, but we are certain that if present, it is a different phenomenon than the nuclear staining known from the clock neurons of D. melanogaster and other insects. The staining intensity of cytoplasm exhibited no circadian fluctuations but was distinctly different in diverse cells (Table 1) . A detailed study of the PER-ir, DBT-ir, and CRY-ir neurons in insects kept under 12:12 and 16:8 LD cycles did not disclose any fluctuations in their numbers or in the subcellular distribution and intensity of the immunostaining.
DISCUSSION
Circadian oscillations in the amounts and in the cytoplasm/nuclear location of the clock proteins such as PER provide time-of-day signals that drive the overt rhythms in D. melanogaster (Hall, 2002) . The oscillations are synchronized with the environmental light input by the photosensitive CRY that peaks in the night. DBT is consistently detected in the nucleus, but at the end of the day and in the early part of the night, a substantial amount occurs in the cytoplasm. In this article, we demonstrated persistent localization of PER-ir, CRY-ir, and DBT-ir in the cytoplasm of specific sets of cricket neurons. Similar data on the exclusively cytoplasmic PER-ir were reported for a number of other insects (Závodská et al., 2003) and on the CRY-ir and DBT-ir for B. mori (Sehadová et al., 2004) . It is unclear if the PER, CRY, and DBT homologs of crickets and some other insects really do not move into the nucleus or if their conformations in the nucleus cannot be recognized by the antisera (Závodská et al., 2005) .
The overall distribution of the clock-related antigens (Table 1) suggests that crickets possess 2 timemeasuring systems: one located in the OL and supplied with the light input mainly from the eye and the other centered in the PI and the SOG and associated with CRY photoreception. The OL system seems to dominate in D. nigrofasciatus, in which groups of PER-ir, DBT-ir, and, to a lesser degree, CRY-ir cells occur in the Pfv, Dpd, and Dpv cell clusters (Table 1) . Homologous cells of the crickets Teleogryllus commodus, Teleogryllus oceanicus, Gryllus bimaculatus, and Acheta domestica react with antisera to the pigment dispersing hormone (PDH; Homberg et al., 1991; Okamoto et al., 2001; Sehadová et al., 2003) that is an important component of circadian regulations in D. melanogaster (Helfrich-Förster et al., 1998) . The demonstration of PDH immunoreactivity (PDH-ir) in the OL, and in some cases PDH-ir co-localization with the PER-ir (Lupien et al., 2003) , complements the surgical and immunocytochemical data indicating that the OL of crickets contains a circadian clock. For several cricket species, it has been shown that the extirpation of OL caused a loss of the circadian rhythm in locomotion and stridulation (Sokolove and Loher, 1975; Tomioka and Chiba, 1984; Abe et al., 1997) . Removal of the distal part of the OL where the Dpd and Dpv cell clusters are located caused elimination of the circadian activity in some individuals, and removal of the whole OL caused elimination in all individuals of G. bimaculatus (Okamoto et al., 2001) . The dissected OL kept under in vitro conditions without any connection to the brain or eyes generated self-sustained neural impulses with circadian oscillations in frequency (Tomioka and Chiba, 1992) . NOTE: Immunoreactivity was quantified as absent (-), weak (+), moderate (++), considerable (+++), and strong (++++). Evaluation scales were set for each antibody separately. Cell numbers are shown either for the entire ganglion (marked with *) or for a half of it (e.g., 1 brain hemisphere or 1 optic lobe). PER = Period; DBT = Doubletime; CRY = Cryptochrome; OL = optic lobe; Pfv = proximal frontoventral; Pfd = proximal frontodorsal; Dpv = distal posteroventral; Dpd = distal posterodorsal; Pr = protocerebrum; PI = pars intercerebralis; DL = dorsolateral region of the protocerebrum; Tr = tritocerebrum; SOG = subesophageal ganglion; Mdb-Vm, Mxl-Vm, Lb-Vm = ventromedial cell clusters in the mandibular, maxillary, and labial neuromere, respectively; Mxl-L, Lb-L = lateral cells in the maxillary and labial neuromere, respectively; FG = frontal ganglion; CC = corpora cardiaca; NCA I = nervi corporis allati I.
